Synaptic modulation and long-term synaptic changes are thought to be the cellular correlates for learning and memory (Madison et al., 1991; Aiba et al., 1994; Goda and Stevens, 1996) . The hippocampus is a center for learning and memory that receives abundant cholinergic innervation and has a high density of nicotinic acetylcholine receptors (nAChRs) (Wada et al., 1989; Woolf, 1991) . We report that strong, brief stimulation of nAChRs enhanced hippocampal glutamatergic synaptic transmission on two independent time scales and altered the relationship between consecutively evoked synaptic currents. The nicotinic synaptic enhancement required extracellular calcium and was produced by the activation of presynaptic ␣7-containing nAChRs. Although one form of glutamatergic enhancement lasted only for seconds, another form lasted for minutes after the nicotinic stimulation had ceased and the nicotinic agonist had been washed away. The synaptic enhancement lasting minutes suggests that nAChR activity can initiate calcium-dependent mechanisms that are known to induce glutamatergic synaptic plasticity. The results with evoked synaptic currents showed that nAChR activity can alter the relationship between the incoming presynaptic activity and outgoing postsynaptic signaling along glutamatergic fibers. Thus, the same information arriving along the same glutamatergic afferents will be processed differently when properly timed nicotinic activity converges onto the glutamatergic presynaptic terminals. Influencing information processing at glutamatergic synapses may be one way in which nicotinic cholinergic activity influences cognitive processes. Disruption of these nicotinic cholinergic mechanisms may contribute to the deficits associated with the degeneration of cholinergic functions during Alzheimer's disease.
Synaptic modulation and long-term synaptic changes are thought to be the cellular correlates for learning and memory (Madison et al., 1991; Aiba et al., 1994; Goda and Stevens, 1996) . The hippocampus is a center for learning and memory that receives abundant cholinergic innervation and has a high density of nicotinic acetylcholine receptors (nAChRs) (Wada et al., 1989; Woolf, 1991) . We report that strong, brief stimulation of nAChRs enhanced hippocampal glutamatergic synaptic transmission on two independent time scales and altered the relationship between consecutively evoked synaptic currents. The nicotinic synaptic enhancement required extracellular calcium and was produced by the activation of presynaptic ␣7-containing nAChRs. Although one form of glutamatergic enhancement lasted only for seconds, another form lasted for minutes after the nicotinic stimulation had ceased and the nicotinic agonist had been washed away. The synaptic enhancement lasting minutes suggests that nAChR activity can initiate calcium-dependent mechanisms that are known to induce glutamatergic synaptic plasticity. The results with evoked synaptic currents showed that nAChR activity can alter the relationship between the incoming presynaptic activity and outgoing postsynaptic signaling along glutamatergic fibers. Thus, the same information arriving along the same glutamatergic afferents will be processed differently when properly timed nicotinic activity converges onto the glutamatergic presynaptic terminals. Influencing information processing at glutamatergic synapses may be one way in which nicotinic cholinergic activity influences cognitive processes. Disruption of these nicotinic cholinergic mechanisms may contribute to the deficits associated with the degeneration of cholinergic functions during Alzheimer's disease.
Key words: glutamate synaptic transmission; nicotinic acetylcholine receptors; hippocampal cultures; synaptic modulation; learning; memory
Certain forms of the synaptic changes that are thought to underlie learning and memory (Madison et al., 1991; Aiba et al., 1994; Goda and Stevens, 1996; McHugh et al., 1996) can be influenced by cholinergic interaction with glutamatergic transmission (Ohno et al., 1993; Maurice et al., 1994; Aigner, 1995) . In vivo studies have shown that cholinergic neurons contribute to arousal, attention, learning, and memory (Levin, 1992) , but the synaptic events underlying those f unctions are poorly understood. It is known that the hippocampus receives cholinergic innervation mainly from the medial septum -diagonal band complex (Kasa, 1986; Woolf, 1991; Alonso and Amaral, 1995; Yoshida and Oka, 1995) . Choline acetyltransferase and acetylcholinesterase share a similar wide distribution in the hippocampus, supporting the conclusion that there are dense cholinergic fibers in the infrapyramidal layer. Ligand binding studies and in situ hybridization for nicotinic acetylcholine receptor (nAChR) subuinit-specific mRNA indicate that there is strong expression of the ␣7 and ␤2 subunits throughout the rat hippocampus, with weaker expression of other subunits (Deneris et al., 1988; Wada et al., 1989; C imino et al., 1992; Dineley-Miller and Patrick, 1992; Séguéla et al., 1993) .
Neuronal nAChRs are composed of five subunits that are arranged around a central cation-selection ion channel Unwin, 1995) . Although many subtypes of nAChRs can be constructed from different subunit combinations, two main neuronal categories can be identified on the basis of their function and pharmacology. In heterologous expression systems most neuronal nAChRs are constructed from combinations of ␣-and ␤-subunits (Conroy et al., 1992; Sargent, 1993; Ramirez-Latorre et al., 1996; Role and Berg, 1996; Wonnacott, 1997) . Only ␣7, ␣8, and ␣9 can form homooligomeric receptors that are inhibited by ␣-bungarotoxin (␣-BGT), and only ␣7 is widely expressed in the mammalian brain (Couturier et al., 1990; Schoepfer et al., 1990; Bertrand et al., 1993; Séguéla et al., 1993) . The function and complete composition of native ␣-BGT-sensitive nAChRs found in neurons are still under study. These native ␣-BGT receptors share properties with ␣7 homo-oligomeric channels expressed in oocytes, leading to the conclusion that ␣7 is among the subunits that comprise native mammalian ␣-BGT-sensitive neuronal nAChRs (Alkondon and Albuquerque, 1993; Amar et al., 1993; Anand et al., 1993; Séguéla et al., 1993; Castro and Albuquerque, 1995; Flood et al., 1997) .
Recently, it was found in both hippocampal slices and tissue culture that low concentrations of nicotine applied for minutes can increase the frequency of miniature EPSCs (mEPSCs; Gray et al., 1996) (also see Vidal and Changeux, 1993; Lena and Changeux, 1997) . That synaptic enhancement was short-lived, however, peaking and then declining while nicotine was present. Furthermore, that weak nicotinic stimulation did not induce the concerted activation of nAChRs that might be expected during cholinergic synaptic activity. In this study we used brief, strong agonist applications to activate nAChRs synchronously and found that nicotinic stimulation can initiate multiple forms of enhanced glutamatergic transmission in cultured rat hippocampal neurons.
MATERIALS AND METHODS
T issue culture. Hippocampal cell cultures were prepared as described previously Dani, 1994, 1995; Gray et al., 1996) . Sprague Dawley rats (Ͻ3 d old) were anesthetized with halothane and were decapitated. Hippocampi were dissected in ice-cold balanced salt solution [BSS; containing (in mM) 1.8 CaCl 2 , 0.81 MgSO 4 , 5.4 KC l, 140 NaC l, 5.55 D-glucose, and 5 H EPES with 0.01-0.1 gm / l phenol red, pH 7.3] and were incubated in a sterile enzyme solution (BSS supplemented with 1.5 mM CaCl 2 , 0.5 mM EDTA, 0.2 mg /ml L-cysteine, and 20 U/ml papain) at 37°C in 5% C O 2 for 30 min with gentle rocking. The tissue was washed and dissociated by trituration in M EM supplemented with 10% fetal bovine serum (FBS; HyC lone Laboratories, L ogan, UT), 10% horse serum (HS; Life Technologies, Gaithersburg, MD), 20 mM glucose, 1 l /ml serum extender (Mito ϩ; Collaborative Biomedical Products), 50 U/ml penicillin /streptomycin (Life Technologies), 2.5 mg /ml trypsin inhibitor, and 2.5 mg /ml BSA. C ells were plated at 70,000 -450,000 cells/ml onto microislands (Bekkers and Stevens, 1991) that were prepared by coating coverslips with a thin layer of 0.15% agarose. Then the slips were sprayed with a mixture of 0.05 mg /ml poly-D-lysine and 0.25 mg /ml collagen, using a glass microatomizer. C ells were kept at 37°C in 5% C O 2 and fed 2-3 times per week with M EM supplemented with 5% HS, 20 mM glucose, 50 U/ml penicillin /streptomycin, 1 l /ml serum extender, 10 mM MgC l 2 , 0 -0.5 M tetrodotoxin (TTX), 0 -1 nM methyllycaconitine (ML A), and 0 -0.5% w/ v BSA and were studied between days 15 and 25. TTX and ML A were used often in the culture media to decrease synaptic activity that might have produced excitotoxicity or may have overly potentiated the synapses before our electrophysiology studies. Glial proliferation was inhibited on days 3-5 by 5 M cytosine arabinof uroside. Animal care was in accordance with institutional guidelines.
Electrophysiolog y and solutions. Electrophysiology and solution exchange techniques were as we have described previously (Gray et al., 1996) . Patch pipettes for patch-clamp recordings were prepared from glass capillary tubing (Garner Glass, C laremont, CA), and currents were amplified and filtered at 1-2 kHz. Very rapid agonist applications were achieved by using a linear array of flow pipes (375 m inner diameter; Garner Glass) controlled by computer via valves (General Valve, Fairfield, NJ) in the solution pathway. The distance between the flow pipe opening and the cell was typically 100 -150 m, which produced rapid solution exchange (peak currents in Ͻ10 msec) and slower washout when the valves closed again (complete in ϳ200 msec). The five rapid nicotinic agonist applications that were used to increase the frequency of mEPSC s were delivered at 8.5 sec intervals to allow the nAChRs to recover partially from desensitization. These agonist applications and all solution changes influenced all of the nAChRs on the surface of the voltageclamped neuron and on the presynaptic terminals from other neurons that formed synapses on the clamped neuron. For the studies of mEPSC s there were usually one to five neurons on the tissue culture microisland. Thus, any one or more of those neurons could have had vesicular glutamate release enhanced by the nicotine application. This experimental condition led to a higher probability of seeing nicotinic enhancement of mEPSC frequency. Electrical artifacts arising from valves were blanked from the traces for display purposes.
An Axobasic program from the laboratory of Dr. Charles F. Z orumski (Washington University, St. L ouis, MO) was adapted for the off-line analysis of mEPSC s. To follow the minutes-scale enhancement of mEPSC frequency, we continually monitored synaptic activity for many minutes before and following Ϸ2 sec after the last of five rapid nicotine applications. These mEPSC s were collected before nicotine arrived (as the control) and after the nicotine had been washed off completely. Thus, the minutes-scale changes in mEPSC frequency continued well after the nicotine was removed. In this case the mEPSC s were collected into 15 sec bins for frequency plots and into 3 pA bins for amplitude plots. The short-lasting seconds-scale enhancement of mEPSC frequency did not last long enough to follow with continuous recordings. This burst of mEPSC s immediately followed a nicotine application. The acquisition of this seconds-scale enhancement of mEPSC s occurred during the protocol of the five nicotine applications. Therefore, this increased frequency of mEPSC s was not grouped with and was on a very different time scale from the continuous recordings of synaptic events collected before and after the nicotine applications. Baseline noise was monitored throughout the analysis at least every 102.4 msec. Data were discarded from analysis for any one of several reasons: changes in leak after nicotine application, changes in baseline noise when comparing before with after nicotine application, poor signal-to-noise ratio for mEPSC analysis, and instability of the baseline frequency of mEPSC s. C NQX (10 M; 6-cyano-7-nitroquinoxaline-2,3-dione) with 1 mM MgC l 2 completely blocked the mEPSC s, indicating glutamatergic transmission. In some cases the mEPSC traces were filtered digitally off-line for clarity.
Solutions for the patch-clamp experiments were as follows: external (in mM), 150 NaC l, 0 -5 C aC l 2 , 0 -2 MgC l 2 , 2.5 KC l, 10 glucose, 10 H EPES, 0 -0.2 CdCl 2 , and 0 -0.1 picrotoxin plus 1 M TTX, 1 M atropine sulfate, and 0 -1 M strychnine, pH 7.3, 310 -325 mOsm; internal solution in the patch pipette (in mM), 140 C sMeSO 3 , 5 NaCl, 2 Na 2 ATP, 2 MgATP, 0 -0.3 Na 3 GTP, 0.2 EGTA, and 10 H EPES, pH 7.3, 300 -310 mOsm. Picrotoxin was usually, but not always, present to inhibit GABAergic synaptic transmission to produce more quiet baselines for the mEPSC s. In some experiments the NMDA subtype of glutamate receptors was inhibited by 50 -250 M AP-5, and 1 mM MgC l 2 was usually present. For the pharmacological characterization of the rapid nicotinic currents, 10 M C NQX was included to inhibit excitatory synaptic transmission to allow for better visualization of the nicotinic currents. Internal solutions often were supplemented with an ATP-regenerating system (20 mM phosphocreatine and 60 U/ml creatine phosphokinase) to decrease the rundown of nicotinic currents (Lester and Dani, 1994) . Perforated patches (Rae et al., 1991) were used for all four experiments in Figure 2 B (Gray et al., 1996) .
RESULTS

Seconds-scale enhancement of mEPSCs
Figure 1 A shows a paradigm for enhanced vesicular release of glutamate that occurred on the time scale of seconds (seconds scale; Alkondon et al., 1996) . After the application of 0.5 mM nicotine (or 1-3 mM acetylcholine) to activate nAChR currents, there was an immediate increase in the frequency of mEPSCs (n ϭ 19 of 27 neurons). The mEPSCs were shown to be glutamatergic because they were inhibited completely by glutamate receptor antagonists, 10 M CNQX plus 100 M AP-5 and/or 1 mM MgCl 2 (data not shown). During these experiments the voltage-gated sodium and calcium channels were inhibited by 1 M TTX and 200 M CdCl 2 , respectively. The burst of mEPSCs decayed back to the baseline frequency before the next nicotine application (8.5 sec later). The recovery can be noted by the quiet baseline before each of the five applications of nicotine in Figure 1 A.
The solution changes used to apply nicotine were extremely rapid, requiring computer-controlled valves. Therefore, we tested whether the solution changes could be causing some unexpected artifact, for instance, by deforming the membrane. To the same neuron that was used in Figure 1 A, we applied bath solution (control) by the same method used to apply nicotine (Fig. 1 B) . This control did not increase the mEPSC frequency, but nicotine applications before and after the control did produce bursts of mEPSCs, indicating that the nicotinic currents underlie the seconds-scale frequency increase.
Nicotine was applied to this neuron in six separate series, with up to 20 nicotine applications per series. On a time scale of seconds, each nicotine application increased mEPSC frequency above the baseline by an average of 830% Ϯ 90% (ϮSEM). Despite the burst of mEPSCs immediately after each nicotine application, there was no change in frequency seen on a longer time scale. In Figure 1C the six separate series of nicotine applications are aligned at the downward arrow. The time that it took for the nicotine applications is not shown. The normalized number of mEPSCs was collected into 15 sec bins, beginning Ϸ2 sec after the last nicotine application in each series. On that longer time scale, no increase in mEPSC frequency was observed because the brief increase in mEPSC frequency had returned to baseline in much less than one bin.
Although the frequency of the mEPSCs was increased by nicotinic currents, the amplitudes were not. Figure 1 D shows that the amplitudes of the mEPSC s were the same before the nicotine applications as they were during the peak of the increased frequency.
Most of the neurons (64%) displayed nicotinic currents. The vast majority of the responding neurons had currents with rapid activation and desensitization kinetics (163 of 167 neurons), which are indicative of ␣-BGT-sensitive nAChRs that contain the ␣7 subunit (Couturier et al., 1990; Albuquerque, 1991, 1993; Alkondon et al., 1992; Z orumski et al., 1992; Séguéla et al., 1993; Z hang et al., 1994; Gray et al., 1996) . Those nicotinic currents were inhibited completely by 50 nM ␣-BGT (n ϭ 9) or another ␣7-specific inhibitor, 5 nM ML A (n ϭ 14). In all cases, when the nicotinic currents were inhibited, the seconds-scale enhancement of mEPSC s was prevented (Fig. 2 A) . Although the inhibition of nicotinic currents by ␣-BGT was irreversible during Ͼ1 hr of wash (n ϭ 3), inhibition by ML A was reversed by washing for 5 min (n ϭ 4; Fig. 2 B) .
Previous research has shown that ␣7-containing nAChRs have a relatively high C a 2ϩ permeability (Vijayaraghavan et al., 1992; Séguéla et al., 1993; Pugh and Berg, 1994; C astro and Albuquerque, 1995 ); therefore, we tested whether external Ca 2ϩ was required for the nicotinic enhancement of glutamate release. In Ca 2ϩ -free solutions the nicotine applications did not increase the frequency of mEPSC s on the seconds time scale (n ϭ 9). Furthermore, when nicotinic stimulation produced an increase in mEPSC frequency, if we then removed the external C a 2ϩ , nicotinic currents could no longer increase the frequency of mEPSCs on the seconds scale (n ϭ 4; Fig. 2C ). When compared with the currents in 2 or 5 mM calcium, it was typical that the peaks of the nicotinic currents were smaller and the kinetics slower in calciumfree solutions. This modulation of nicotinic currents by external Ca 2ϩ changes has been described previously (Mulle et al., 1992; Vernino et al., 1992; Amador and Dani, 1995; Bonfante-Cabarcas et al., 1996) . This Ca 2ϩ modulation was not the basis for preventing nicotine-induced enhancement of mEPSC frequency, because even with large nicotinic currents the mEPSC frequency did not increase in calcium-free external solutions. In Figure 2 D the frequency of mEPSCs is normalized to the rate before the nicotinic currents were activated separately in both 0 and 5 mM calcium (n ϭ 4). Only when applied in the calcium-containing solution did nicotine increase the frequency of mEPSCs.
Minutes-scale enhancement of mEPSCs
Synchronous activation of nAChR currents also could increase the frequency of mEPSCs on the time scale of minutes (minutes scale, Fig. 3A ). Again these were glutamatergic mEPSCs that could be inhibited completely by 10 M CNQX and 100 M AP-5 and/or 1 mM Mg 2ϩ . After monitoring the baseline frequency of mEPSCs for several minutes, we rapidly applied 0.5 mM nicotine (or 1-3 mM acetylcholine) for five consecutive times to activate nAChRs (Fig. 3A, middle current traces) . The nicotine was applied for 200 msec and immediately washed away each time to allow 8.5 sec for recovery from desensitization before the next application. After the fifth and last nicotine application the nicotine was washed away, and in 2 sec the recordings of mEPSCs began again. During these experiments the voltage-gated sodium and calcium channels were inhibited by 1 M TTX and 200 M CdCl 2 , respectively. The frequency of the mEPSCs (Fig. 3B) , but not the amplitudes (Fig. 3C) , increased on the minutes time scale (n ϭ 10 of 27 neurons). The standard protocol for activating nicotinic currents was five applications of agonist. When that stimulation failed to increase the frequency of mEPSCs, more applications of nicotine sometimes could elicit an increase (n ϭ 2 of 7 trials; Fig.  4 ). This result suggests that stronger stimulation is more likely to achieve some threshold that is not reached by fewer applications of agonist. Figure 1 . Nicotine-induced currents increase the frequency of mEPSCs on the seconds time scale. A, Applications of 0.5 mM nicotine (solid bar) activate nAChR currents that are followed by an abrupt increase in glutamatergic mEPSC frequency. Before the next nicotine application (8.5 sec) the mEPSC frequency declined to the baseline value, as can be seen by the quiet baseline before each nicotine application. B, To test for artifacts, we applied nicotine-free solutions (control ) using the same solution/application methods. Five applications of the control solution (five traces are overlaid) did not increase the frequency of mEPSC s, but nicotine applied before (top five traces overlaid) and after (bottom three traces overlaid) the control did increase the frequency. C, In six separate attempts that are aligned (arrow, nic), 3-20 applications of nicotine did not increase the frequency of mEPSCs for this same neuron on the minutes time scale (15 sec / bin beginning 2 sec after the last nicotine application). The time taken for the nicotine applications is not shown. During the nicotine applications the mEPSC frequency increased on average 830%, but this seconds-scale increase did not last long enough to be observed by the recordings beginning 2 sec after the last nicotine application. The mEPSC frequency before the nicotine applications is normalized to one for plotting purposes. D, The amplitudes of the mEPSC s do not change after activating nAChR currents. Cumulative amplitude distributions were created from the mEPSC s before (open circles) each nicotine application and for the 400 msec after the nicotinic current ( filled circles). The two distributions overlap.
Because the nAChR currents could be inhibited by MLA and then could recover during a 5 min wash, we used MLA to test whether ␣7-containing receptors mediated the minutes-scale increase in mEPSC frequency. ML A inhibited the nicotinic currents and the minutes-scale enhancement of mEPSC frequency (n ϭ 7; Fig. 5A ), but after ML A was washed away, nicotinic stimulation could increase the frequency of mEPSC s (n ϭ 1 of 3; Fig. 5B ).
The minutes-scale increase in mEPSC frequency required external calcium. When C a 2ϩ was removed from the external solution, nicotine stimulation no longer increased the frequency of mEPSC s (n ϭ 9; Fig. 5C ). However, after 1-2.5 mM Ca 2ϩ was added back to the external solution in seven of the nine experiments, the frequency could be increased (n ϭ 2 of 7; Fig. 5D ). Initially, we incorrectly thought that the seconds-scale increase in mEPSC frequency (see Fig. 1 ) was required to obtain the longer minutes-scale form of glutamatergic enhancement (see Fig. 3 ). We reasoned that inducing the minutes-scale effect required a higher threshold of stimulation than was needed for the seconds-scale enhancement. Although that simple threshold hypothesis may hold in some cases, it does not always apply. We found that 19 of 27 neurons showed a seconds-scale increase in mEPSC frequency and 10 of 27 showed the minutes-scale increase, but only 7 of 27 neurons showed both forms. Stated in an alternative manner, 12 of 27 neurons had a seconds-scale increase without the minutes-scale form, and 3 of 27 had a minutes-scale increase without the seconds-scale form. Thus, the two forms of increased mEPSC frequency are not necessarily linked, and it seems they can occur independently of each other.
Nicotinic currents affect evoked EPSCs
Nicotinic modulation also was observed during evoked glutamatergic synaptic transmission (eEPSC) at autaptic synapses or at synapses between two coupled hippocampal neurons (see Zorumski, 1995, 1996) . Pairs of voltage stimulations separated by 100 msec were applied to the presynaptic neuron (Fig. 6 A) . Individual pairs of eEPSCs were separated by 16 sec. During that 16 sec the nAChR currents could be activated by nicotine applications (Fig. 6 A, arrowheads) . The first currents of each eEPSC pair that are displayed in Figure 6 A are plotted as open circles in Figure 6 B. The solid bar indicates the period of time when nicotinic currents were being activated. The electrical stimulations during the nicotine-induced currents evoked larger glutamatergic eEPSCs. Figure 6 B also shows the usual trend that the eEPSCs became steadily smaller as the experiment progressed, as noted by the slight downward slope of the eEPSC amplitudes. In the three cases in which it was tested, a second set of nicotine applications coming at later times caused a smaller or no increase in the eEPSC amplitude (Fig. 6 B, second bar) . On average, the amplitude of the first eEPSC of the pair increased by 46% Ϯ 24% (n ϭ 10 trials in 8 of 26 neurons).
In addition to the increased amplitude of the first eEPSC, nicotine pulses also altered the relationship between the two eEPSCs of the pair (Fig. 6C,D) . While obtaining the baseline eEPSCs, we occasionally saw paired-pulse facilitation (eEPSC2 Ͼ eEPSC1) (3 of 10). Usually, however, there was paired-pulse depression (eEPSC2 Ͻ eEPSC1) (Wu and Saggau, 1994; Zorumski, 1995, 1996; Stevens and Wang, 1995) . In all cases in which nicotine increased the amplitude of the evoked currents, eEPSC1 increased more than eEPSC2 (Fig. 6 D) . The paired-pulse ratio (PPR) of the amplitudes (eEPSC2/eEPSC1) always decreased.
DISCUSSION
Nicotinic stimulation initiated multiple forms of enhanced glutamatergic synaptic transmission. In each case the effect of nicotine was dependent on the presence of extracellular Ca 2ϩ and occurred via the activation of presynaptic ␣7-containing nAChRs. Two apparently independent forms of modulation increase the frequency of spontaneous miniature EPSCs. One form is on the time scale of seconds, whereas the other is on the time scale of minutes. Synchronous stimulation of nAChRs also can increase Figure 2 . The nicotine-induced seconds-scale increase in mEPSC frequency has the pharmacology of ␣7-containing nAChRs and requires external calcium. A, A specific inhibitor of ␣7-containing nAChRs, 5 nM MLA, completely blocked the nicotine-induced currents (0.5 mM nic, solid bars) and prevented the mEPSC s that followed the nicotinic currents. B, Nicotinic currents were inhibited completely by 0.5 nM ML A (solid bar), but those currents recovered after being washed. The time course for inhibition and recovery of the nicotinic currents is shown (n ϭ 4 neurons, Ϯ SEM). The peak nAChR currents before ML A treatment were normalized to one to average currents from different neurons. C, In a solution containing 5 mM Ca 2ϩ , the frequency of mEPSC s increased after nicotinic currents were activated (0.5 mM, solid bar). In the same cell when the Ca 2ϩ was absent (0 mM Ca 2ϩ ), nicotine applications (solid bar) did not increase mEPSC frequency. D, In Ca 2ϩ -free and 5 mM Ca 2ϩ solutions, the frequency of mEPSC s was measured in the same neurons (n ϭ 4) immediately after nicotine-induced currents. The frequency of mEPSCs before nicotine was applied was normalized to one to combine results from different neurons. The frequency of mEPSC s increased only after nicotinic currents that were activated in the C a 2ϩ -containing solution.
the amplitude of evoked EPSC s. The enhanced evoked release of glutamate continues for several minutes. On a much shorter time scale of 100 msec, nicotinic currents decrease the ratio of evoked pairs of EPSC s (PPR). The first evoked EPSC of a pair was increased more than the second eEPSC.
Role of presynaptic nAChRs
Previously published results and aspects of the present data indicate that presynaptic nAChRs are important. Nicotinic AChRs located at presynaptic terminals or at preterminal locations have been shown to enhance the release of various neurotransmitters in tissue culture, brain slices, and synaptosomes (for review, see Role and Berg, 1996; Wonnacott, 1997) . Particularly at GABAergic synapses, the activation of preterminal nAChRs is thought to depolarize the membrane locally, leading to the activation of voltage-dependent channels that directly mediate the C a 2ϩ influx underlying enhanced GABA release (Lena et al., 1993; McMahon et al., 1994; Alkondon et al., 1997; Lena and Changeux, 1997) . The agonist-induced effect mediated by preterminal nAChRs was inhibited by TTX, which blocks Na channels and thereby prevents the regenerative voltage activation of C a 2ϩ channels in the terminal. GABAergic terminals also can have nAChRs. In hippocampal cultures, evidence supports the conclusion that presynaptic nAChRs can affect GABA release much as they affect glutamate release (Radcliffe et al., 1998) .
At glutamatergic synapses, low concentrations of nicotine were found to increase the frequency of mEPSC s and to elevate presynaptic C a 2ϩ via a TTX-insensitive mechanism Gray et al., 1996) . In those cases, presynaptic ␣7-containing nAChRs were capable of directly mediating a Ca 2ϩ influx that initiated the enhanced glutamate release. It seems extremely likely that nAChRs located on terminals and preterminals have varying degrees of importance in regulating the release of many neurotransmitters in different areas of the brain (Vidal and Changeux, 1993; Alkondon et al., 1996; Albuquerque et al., 1997; 1997; Wonnacott, 1997; Guo et al., 1998; Li et al., 1998) .
In this study, presynaptic ␣7-containing nAChRs are capable of mediating the effects we observed. In all of our experiments in which we measured mEPSCs, action potentials were blocked by TTX, and in most cases Cd 2ϩ also was used to inhibit voltagegated Ca 2ϩ channels. The decrease in the PPR and the increase in the frequency, but not the amplitude, of the mEPSCs both suggest that the final expression of nicotinic stimulation resides presynaptically. That is not to say, however, that nAChRs located away from presynaptic terminals or located postsynaptically are not important (see Wang and Kelly, 1997; Wonnacott, 1997) . The hypothesis that the present forms of nicotinic modulation reside presynaptically is consistent with results from hippocampal slices showing that low concentrations of nicotine directly increase the presynaptic concentration of Ca 2ϩ (Gray et al., 1996) (also see Alkondon et al., 1996; Role and Berg, 1996; Wonnacott, 1997) . The nicotine-induced Ca 2ϩ influx was monitored with fura-2 from single mossy fiber presynaptic terminals while inhibiting glutamate, Na ϩ , and Ca 2ϩ channels (Gray et al., 1996) . The density and distribution of nAChRs, particularly the highly Ca 2ϩ permeable ␣7-containing receptors, will influence the strength and type of synaptic modification initiated by cholinergic activity (see Moss and Role, 1993; Rathouz and Berg, 1994; Rathouz et al., 1995; Wilson Horch and Sargent, 1996; Ullian et al., 1997) . Evidence is accumulating that these mechanisms are active at many different types of synapses, including GABA, 5-HT, ACh, dopamine, and norepinephrine, as well as the glutamatergic synapses that were examined here (for review, see McGehee and The nicotine-induced nAChR currents (middle five records) rapidly activated and desensitized. After each 200 msec nicotine application the nicotine was washed away rapidly to allow 8.5 sec for recovery from desensitization before the next application. Nicotine was not present when the mEPSC recordings recommenced 2 sec after the last nicotine application. B, The mEPSC frequency increased after activating the nAChR currents (arrow). After Ϸ4 min, the frequency returned to the baseline. The mEPSC frequency before nicotine was normalized to a baseline of one (dotted line) so that experiments with different baseline frequencies could be averaged. The arrow indicates the five applications of 0.5 mM nicotine (13 trials from 10 neurons, Ϯ SEM). The nicotine applications took Ϸ35 sec, but that time gap is not shown. The continuous recording of mEPSC s was restarted within a couple of seconds after the last nicotine application. C, The amplitudes of the mEPSC s did not change after activating nAChR currents. Cumulative amplitude distributions were created from the mEPSC s before (open circles) and after (closed circles) the five nicotine applications. The two distributions overlap. Role and Berg, 1996; Albuquerque et al., 1997; Wonnacott, 1997) .
Multiple time scales for nicotinic enhancement of mEPSC frequency
It is reasonable to hypothesize that the presynaptic action of calcium entering via ␣7-containing nAChRs contributes to the observed increase in mEPSC frequency. On the seconds time scale or when the changes in PPR are considered, nAChRs might provide a sufficient local C a 2ϩ signal to increase directly the probability of vesicular release or to increase the availability of vesicles (Wu and Saggau, 1994; Stevens and Wang, 1995) . On the minutes time scale, however, it is extremely unlikely that Ca 2ϩ remains elevated during the enhanced release (see Zucker, 1993; Augustine et al., 1994; Delaney and Tank, 1994; Regehr et al., 1994; Liu and Tsien, 1995; Tank et al., 1995; Neveu and Zucker, 1996) . The data show that the enhanced release continued for minutes after the nicotine had been washed away.
The forms of enhancement lasting minutes might require that the incoming calcium acts as a second messenger to modify indirectly exocytotic processes leading to minutes-scale enhancement of synaptic transmission (Zucker, 1993; Augustine et al., 1994; Neveu and Zucker, 1996) . Previous studies of glutamatergic synaptic plasticity, such as short-term and long-term potentiation and depression, suggest mechanisms for synaptic changes that might be initiated by nAChR activity (Kauer et al., 1988; Malgaroli and Tsien, 1992; Malenka and Nicoll, 1993; Stevens et al., 1994; Tong et al., 1996) . It seems reasonable to anticipate that a properly localized Ca 2ϩ influx mediated by nAChRs could initiate enzymatic activity that is known to modify glutamatergic synapses under other circumstances. However, final verification of those mechanisms must await further experimentation.
Nicotine also increased the amplitude of evoked EPSCs. This result indicates that the activation of nAChRs can modulate the responsiveness of the presynaptic terminal to a subsequent action potential. The influx of Ca 2ϩ through presynaptic voltage-gated channels in response to an action potential normally increases the probability of releasing neurotransmitter. However, the presynaptic action potential does not guarantee release (Huang and Stevens, 1997) . Therefore, the activation of presynaptic nAChRs just before or during the arrival of an action potential can increase the probability of successful synaptic transmission because the Ca 2ϩ entry via the two pathways integrates in the presynaptic terminal. Consequently, properly timed nicotinic activity can increase the fidelity of particular synaptic events.
Not only can nicotinic activity change the amplitude of evoked EPSCs, but it also can alter the relationship between closely timed synaptic events. Our results with eEPSCs show that nicotinic cholinergic activity can reverse the strength of paired eEPSCs. Without nicotinic activity the first eEPSC of a closely spaced pair is smaller, giving paired-pulse facilitation to the second eEPSC. During nicotinic activity, however, that relationship reverses so that the first eEPSC of the pair can become substantially larger than the second, giving paired-pulse depression. Thus, cholinergic stimulation mediated by nAChRs can alter the relationship between the incoming presynaptic activity and outgoing postsynaptic signaling along glutamatergic fibers. The same information arriving along the same glutamatergic afferents will be processed differently when properly timed nicotinic activity converges onto the glutamatergic terminals. Early in the progression of Alzheimer's disease, cholinergic inputs degenerate and the number of hippocampal nAChRs decreases (Rinne et al., 1991; Nordberg, 1994; Perry et al., 1995) . The cognitive deficits associated with Alzheimer's disease could arise, in part, from loss of the cholinergic synaptic mechanisms that modulate the gain and fidelity of hippocampal synaptic transmission. Related mechanisms are also likely to be important elsewhere in the brain. Figure 6 . Nicotinic stimulation enhanced the amplitude of evoked EPSC s and altered the relationship between pairs of eEPSC s. A, The experimental paradigm was as follows: pairs of eEPSC s (100 msec apart) were measured every 16 sec before and during interleaved applications of 0.5 mM nicotine (arrowheads, nic). The nicotine applications were 8 sec apart. The nAChR currents decreased in size as the experiment progressed (in large part) because there was accumulative desensitization. C alibration: 0.5 nA, 0.4 sec. B, The amplitude of the first eEPSC is plotted versus time, and the solid bars indicate when nicotine applications were interleaved between the eEPSC s. The first 14 eEPSC s, which are shown in A, are plotted as open circles. The gradual decrease in the amplitude of the eEPSC s over the course of the experiment was common, but not always present. The second set of nicotine applications (second solid bar) induces a smaller increase in the amplitude of the eEPSC s. C, An example indicates the typical change in the relationship between the pairs of eEPSCs compared before nicotine (control ) and during interleaved nicotine applications (nic). D, The average ratio of eEPSC2/eEPSC1 is plotted before (control ) and at the maximum of the enhancement (with nic) for each experiment (n ϭ 10). In every case the ratio decreased.
